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Crystals of ll-IV-V 2 chalcopyrite ZnGeP 2 (Eg =

2.34 eV) and of III-V zincblende InP (Eg -

1.27 eV) have been grown by High Pressure Va-

por Transport (HPVT) in evacuated and sealed

quartz glass ampoules. Semiconductor melts

were used as source material and an addition

of phosphorus suppressed thermal decomposi-

tion of the melt. Thermochemical equilibrium

calculations reveal that the equilibrium va-

por phase over ZnGeP 2 at the melting point

Tm=1295 K contains 81.9 molt P4, 11.3 molt P2,

6.8 molt Zn, but only 3"10 -10 molt Ge. The

vapor phase over InP (Tm=1335 K) consists of

94.2 molt P4, 5.8 molt P2 and 6.8"10 -6 molt

In. In spite of the extremely low Ge partial

pressure, high ZnGeP2-transport rate is ob-

served, relating to a flux of 5"10 -6 mole /m2s

at 1295 K and Ig. Contributing factors to

this unexpectedly high flux are the formation

of volatile molecular Ge-species (e.g. GeO

and GeP) and a strong convective flow that is

mainly driven by a pronounced pressure/tem-

perature drop (67 mbar/K) for transport close

to the melting point. This behaviour is even

more pronounced growing InP by HPVT. Numeri-

cal solutions to the Navier-Stokes equation

in a Scholz geometry fused silica vessel for

the boundary conditions of HPVT revealed that

at _g only two vortices exist; one above and

one below the ring-shaped source trough

achieving optimum mixing and transport to the

substrate. Formation of additional vortices

and an increase of the flow velocity occurs

as the gravity factor increases from pg to

Ig. Thus, reduced gravity is conducive to

the control of HPVT crystal growth.

I. IntroductiQp

At liquidus temperatures in the vicinity of

the melting temperatures, InP and ZnGeP 2 ex-

hibit high dissociation pressures, which sen-

sitively change with the composition of the

solidus in equilibrium [i, 2]. Over the stoi-

chiometric melts they are 27.5 and 3.5 bars,
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respectivly. Therefore, the control of the

partial pressures of the constituents during

high vapor pressure transport (HPVT) provides

for the close control of the stoichiometry of

the growing crystal. For example, using the

melt of the compounds as source for vapor

phase growth, ZnGeP 2 crystals of higher

transparency can be achieved {3, 4] than

those grown from the melt.

InP and ZnGeP2 crystallize in the zincblende

and the chalcopyrite structure, respectively

and have remarkable optoelectronic properties

[5 - 7]. InP is an important substrate mate-

rial for the fabrication of light sources and

detectors operating in the near infrared

wavelength region, where sillca-based optical

fibers exhibit minimum dispersion and loss.

Its favorable surface properties permi,t the

construction of FET circuits with high chan-

nel mobility and low density of interface

states. Unfortunately, the fabrication of

nominally undoped semi-lnsulating InP remains

elusive due to the relatively shallow energy

of the PIn antisites and the difficulty in

controlling the concentration of native point

defects in this material. ZnGeP 2 possesses

the largest effective nonlinear optical sus-

ceptibility tensor component (deff =

75x1012m/volt) of any semiconductor that is

transparent in the 2 to 12B range [8]. This

property, coupled with a large birefringence

due to the axial compression of the unit cell

along the c-axis, makes this material ideal

for frequency mixing applications such as se-

cond harmonic generation (SHG) and for use in

optical parametric oscillators.

The present paper discusses the thermocheml-

cal properties of both materials taking into

account all thermodynamlcal data available

and comparing experimental results with ther-

mochemical equilibrium calculations using the

method described by Ericson [91.

These calculations allow a prediction of the

composition and the densities of the vapor

phase, of which all are needed as input data

for modeling the gas flow dynamics and heat

transfer of HPVT under both ground based and

microravity conditions. Other data such as

viscosity and binary diffusion coefficients,

rate constants and activation energies of the

gas reactions must be calculated separately.

This paper compares the contributions of

convective flow and diffusion controlled

transport to the observed transport rates.



II. Thermal stability and eauillbrlum vapDr

phases above InP and ZnGeP2

Heating InP or ZnGeP2 in an evacuated, closed

system causes thermal decomposition of the

material. The decompositon reactions close to

the melting point are due to ref. [I] :

InP (i) +-_ In(1) + 1/4 P4 (g)

In(1) 4-+ In(g)

Pd(g) +_ 2 P2(g)

(I.I)

(I .2)

(1.3)

and those of ZnGeP2 as a result of the below

described thermochemical calculations:

ZnGeP2 (s) +__i/3Zn3P2 (s) +Ge (i) _I / 3p4 (g) (2.1)

Zn3P2(s) _-+ 3 Zn(g) + i/2 Pd(g) (2.2)

Pd(g) _-+ 2 P2(g) {2.3)

Ge(1) (-_ Ge(g) (2.4)

The total pressure vs. temperature equations

reported in the literature or inferred from

vapor pressure data are

a) for InP [I]:

log p (bar) m 26.520 - 33839/T
AT = 1250-1326K

(3.1)

log p (bar) = 67.098 - 87645/T (3.2)

_T = 1326-1335K

b) for ZnGeP2 [2]:

log p (bar) = 17.172 - 21466/T (4)

_T = 1240-1295K

and

c) for the important dissociation product

Zn3P 2 [i0, Ii] :

log p (bar) _ 6.9293 - 9008/T (5.1)

_T _ 620-820K

log p (bar) - 6.1833 - 8377.2/T
_T I I040-1390K.

(5.2)

To determine the vapor phase composition over

the compounds, thermochemical calculations

have been performed employing the Gibbs free

energy minimization technique via the program

Chemsage [9]. For this purpose, the thermo-

chemical data of all solid, liquid and

gaseous species have to be known, i.e. heats

of formation, standard entropies, molar heats

and their temperature dependence. The data

used for these quantities are summarized in

table I(a). Unfortunately, the experimentally

determined heat of formation values can exhi-

bit large errors. In order to conduct the

calculations as close as possible to experi-

mentally observed pressure measurements and

phase equilibria, the heat of formation of

the condensed phases were modified using a

recursive procedure which was performed for

all subsystems. Because of limited experimen-

tal data in some cases (e.g. for the vapor

phase over GeP) or contrary results in the

literature, the question arose whether this

procedure leads to unambiguous input parame-

ters. The question has been intensively

exercised for ZnGeP2 where up to three con-

densed phases can be in equilibrium with the

vapor phase at the melting point under cer-

tain P-T-x conditions. Under the assumption

that the considered chalcopyrite has a mel-

ting point at Tm = 1295 K and an equilibrium

pressure in the range from 3.5-3.9 bar

[2,12], only one enthalpy-of-formation para-

meter-set was found to fit the experimental

findings. The standard heat of formation

values and, in the ca=e of phosphorus, the

P(red)-Pd(white) phase transition energy w_re

slight]y changed to emulate the experimental-

ly determined pressures at the melting poir_ts

of the element P [I], of the binary compounds

InP [i], ZnP2 [18], Zn3P 2 (I0] and GeP [14] as

well as of the ternary ZnGeP2 [2]. In table

l(b) the adapted values are compared with da-

ta, reported in the literature.

_II. HPVT-experlments

High Pressure Vapour Transport (HPVT) experi-

ments have been conducted for ZnGeF2 in a

modified Scholz geometry ampoule (figure I),

and in conventional horizontal quartz tubes.

The HPVT furnace for the Scholz geometry is

comprised of three heating (hl-h3) and two

cooling zones (the top plug P and the bottom

fused silica window W) . The temperature dis-

tribution in the ampoule under growth con-

ditions is TI < T2 >T3 and TI > T 3. This

configuration was chosen since transport in

endergonic reactions proceeds from hot to

cold which applies to HPVT of ZnGeF2 and InP.

The ZnGeP2 source material is thus trans-

ported from S to G. In the horizontal experi-
ment a two zone furnace with a glow bar in

the middle to provide a thermal spike as well

as a single zone furnace were utilized to

study the transport behaviour under different

conditions.

ii

li

hI

h2

h3

Figure I: Schematic representation of the

Scholz-type geometry ampoule for HPVT of

ZnGeP2 filled with a Zn/P2/P4 vapor of 3.5 bar

pressure at 1295 K. hl-h3 are independently

controlled heaters; P and W are locations of

heat extraction by gas jets impinging onto

the outside of the capsule.
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Sealing the loaded ampoules is performed with

an oxygen-hydrogen torch after the interior

pressure has been lowered to -5"10 -9 bar via

an ion pump and two sorption pumps. Prior to

the sealing, the ampoules were cleaned for >

48hrs in aqua regia, then rinsed with deion-

ized/dlstilled water and dried in an oven.

Also, once the ampoule is evacuated, Just be-

fore sealing, it is slightly heated to expel

any water vapor. For vertical Scholz geometry

ampoules the temperatures were fixed at T 1 =

1290K, T2 - 1300 K and T 3 = 1280 K during

Table II Vapor phase composition at the

melting points of InP, _-ZnP2, _-Zn3P 2 and

ZnGeP2 and of GeP at T - 832 K.

a) ZnGeP2: Tm _ 1295K [2, 12];

condensed phases : ZnGeP2, Ge, Zn3P2

d) GeP: T = 832 K [14];

condensed phases: GeF and Ge;

peritectic melting point Tp =1010K [27]

Gas Density Pressure

Species mole/c m3 bar

P4 1.44E-04 6.14E-01

P2 1.31E-08 5.58E-04

Ge 1.41E-21 6.00E-17

Total 1.44E-05 0.61E-01

e) InP: Tm = 1335 K [I]:

condensed phases: InP and In

Gas Density Pressure

Species mole/cm 3 bar

P4 7.61E-05 2.77E+00

P2 1.05E-05 3.81E-01

Zn 6.27E-06 2.28E-01

Ge 4.47E-13 1.63E-08

Total 9.29E-05 3.38E+00

b) _-ZnP2: Tm _ 1313 K [18}, phosphorus

counterpressure p _ 19.7 bar;

condensed phase: ZnP2

Gas Density Pressure

Species mole/cm 3 bar

P4 1.71E-04 1.86E+01

P2 1.04E-05 1.14E+00

Zn 1.91E-06 2.09E-01

Total 1.83E-04 1.99E+01

c) _-Zn3P2: Tm - 1466 K [18];

condensed phase: Zn3P2

Gas

Species

Density

mole/cm 3

Pressure

bar

Zn

P2

P4

Total

6.62E-05

9.51E-06

6.29E-06

8.20E-05

2.64E+00

3.79E-01

2.51E-01

3.27E+00

Gas Density Pressure

Species mole/cm 3 bar

P4 4.24E-04 2.61E+01

P2 2.59E-05 1.59E+00

In 3.07E-09 1.89E-04

Total 4.50E-04 2.77E+01

HPVT. With horizontal ampoule geometries

temperature differentials ranging from 30 up

to 80 K have been applied. To date, the

largest crystals have been obtained in hori-

zontal ampoules, where the ZnGeP2 transport

flux was of the order 5"10 -6 mo le/mzs at 1300K

and Ig. Thus far our HPVT work has been

limited to self-seeded platelets, which are

of n-type conductivity and exhibit a lower

residual absorption in the transparency range

than ZnGeP2 crystals grown from the melt [3].

IV. Act_vat[on _neroies and rate constants

of the reactions P4_2

To take into account the influence of kine-

tics on the flow dynamics, activation ener-

gies and the pre-exponential factors km in

the Arrhenlus equation k = km'e -Ea/RT for re-

actions in the vapor phase and at the solid-

gas interface must be known. A very important

role in the vapor phase regime plays the

P4/P2 equilibrium which is expressed by the

reactions

P4 -_ 2 P2 (6)

and
2 P2 _ P4 (7)

for which the activation energies are un-

known. However, from the known reaction en-

thalpy, _H _ 53.1 kcal/mole at T = 1295K

[13], and the empirical correlation of the

activation energies and enthalpies [20], the

activation energies for both reactions can be

expected to be of the order of 100 cal/mole.

Equation (7) can be treated as a bimolecular

reaction following the methods of conven-
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tional transition state theory applying the

equation

kl = kBT/h" (q|/qa'qb) "e-Ea/RT (8)

where qa and qb relate to the partition func-

tions of the two reactants which are in the

case of P2 identical, q# is the partition

function of the activated P2-P2 complex, k s is

the Boltzmann constant, h the Planck con-

stant, Ea the activation energy and R the

ideal gas law constant. To determine the par-

tition functions of qa=qb and q#, the data

used are summarized in table III:

scribe momentum conservation. The forms of

these equations may be found in standard

fluid dynamics texts [23]. However, the fol-

lowing simplifications on the model were made

for our numerical computations. First, since

the film growth rate is slow compared to the

gas-phase dynamics, the flow is assumed to be

a steady, i.e. no time derivatives appeared

in the mass, momentum, energy and species ba-

lance. Second, the Boussinesq approximation

is assumed. That is, the mass balance equa-

tion is in an incompressible form and the

density enters only in the gravitational term

of the momentum equation. It is also assumed

that all other fluid properties, such as vis-

Table Ill Input parameters [21, 22] and

calculated partition functions [20].

i

)

)
t

J

J

I

)

P

{

Holecule properties P2 Holecule Activated P2-P2 Complex

Internuclear distance 1.894

Vibrational frequency 780.43 cm -I

Homent of inertia 9.2"10 -46 kgm 2

0.78 A
458 cm -1

1.3.10-45 kgm 2

Fartition Functions at 1300 K

Translational 4.3"1033 m -3 1.2 "1034 m-3

Rotational 1.5"103 4-1 "104

Vibrational 1.73 2.5

Applying eq. (8), the rate constant for the

combination reaction (see eq. 7) is:

kl = 4.5"10 5 1 mole -I s -I.

Since the combination reaction is the reverse

of unimolecular dissociation, the equilibrium

reaction must be the same under all condi-

tions of pressure [20]. At equilibrium the

equilibrium constant K c reads

K¢ = [P4]/[P2] 2 (9).

At high pressures the dissociation is a first

order reaction and the rate of dissociation

is

v-i = k-l" [P4] (i0.I),

the combination reaction is given by

v I = kl. [P2] 2 (10.2).

From the equations (9) and (10) the rate

constant for the unimolecular dissociation at

1295 K was calculated as:

k_ 1 = 1.4"102 1 mole-l's -I.

V. Modelina of hiah pressure vapor transport

deposition

The model of transport phenomena in the high

pressure vapor transport (HPVT) process in-

volves conservation ]aws for mass, momentum,

energy, and species balance with correspond-

ing boundary conditions. A generalized form

of the Navier-Stokes equation for laminar

flow and a Newtonian fluid is used to de-

cosity, conductivity, and specific heat, are

constant and the flow is axi-symmetric.

The above coupled set of equations is solved-

using the finite-element code FIDAP on a non-

uniformed quadrillateral grid. In all calcu-

lations, zero-slip boundary conditions were

assumed at the walls. Calculations were per-

formed to study the gas flow dynamics and

heat transport under the conditions of verti-

cal HPVT and gravity levels of 1/10 g to

I/I000 g (microgravity condition). The re-

sults of the numerical modeling give invalu-

able information concerning the choices that

need to be made in the thermal boundary con-

ditions to optimize the vapor transport at

the source and to establish uniform flow at

the surface of the substrate.

In the case of the 5cholz type geometry (see

fig. I) the thcrmal boundary conditions are

controlled by separately controlled heating

elements (hl-h3) and the extraction of heat

by gas jets impinging onto the outside of the

fused silica envelope both on the top plug P

(Temperature TI) and on the bottom fused

silica window W (temperature T3) that sup-

ports the growing crystal G. The heater h2

establishes a spike T s in the temperature at

the location of the source S. Two indepen-

dently controlled resistance heaters (h I and

h 2) keep the outer portions of the ampoule

above and below h2 at a constant temperature.

The substrate is located on the fused silica

window W.

Major differences in the calculated flow

fields and temperature contours of the 1/10 g

and 1/100 g cases are apparent in figure 2.

Notice that the flow for the 1/10 g case has

a maximum flow rate of 8.8 x 10 -3 m/s, as com-

pared to the 1/1000 g case, where the maximum
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Figure 2: Velocity fields and temperatue contours for the

Scholz geometry ampoule, schematically shown in fig. i, for

a) 1/10 g and b¿ 1/1000 g. The temperatures chosen were TI =

1304 K, T2 = 1317 K and T3 - 1229 K, the total pressure was
3.5 bar.

flow rate is 1.8 x 10 -3 m/s. In the plots

showing velocity fields, the length of the

velocity vectors provides a measure of the

relative velocity magnitude. In the i/I0 g

case, three recirculatlon cells occur (Fig.

2.a). These secondary flows are formed due to

the density differences between the slower

moving fluid along the sidewall and the

faster moving and thus less heated fluid

along the axis of symmetry and near the sub-

strate. The formation of the convective roll

near the top plug could help explain the

occurrence of small crystallites observed in

that area in our experiments. In the 1/100 g

case, two buoyancy driven recirculation cells

occur with downward laminar flow directly

over the substrate surface (fig. 2.b). Com-

parison of these cases demonstrate the drama-

tic effect of gravity on mixed convection

flows and temperature contours.

A first order comparison of the contribution

from convective flow to the diffusive mass

transport at the high pressures and tempera-

tures in the horizontal growth ampoules can

be made with the basic equation:

Fluxconvectlve " Density * Velocity

Diffusive transport was estimated via Sch_-

let's basic diffusive transport equation

[25]. From the work performed by TKAN et. al.

[26] an upper limit for the convective flow

velocity was obtained at 0.022 m/s. Given the

calculated and experimentally measured pres-

sures [2, 12] above the ZnGeP2 and InP melts,

the convective flux is expected to be one to

two orders of magnitude larger than the dif-

fusive transport contribution.

VI. Discussion

Although the concentrations for Ge and In in

the vapor phase are small compared to the

concentrations of P2 and P4 (see table II.a

and e), efficient dissociative sublimation of

both ZnGeP2 and InP has been observed for

source and substrate temperatures close to

the melting points. Under such conditions the

interface reaction velocity proceeds quickly

compared to the diffusion and convection pro-

cesses in the gas phase.

Because of the very low Ge concentration cal-

culated to be in the vapor phase, calculated

over ZnGeP2 (see table II.a), the question

arises, through what mechanism effective

transport of Zr1,_eP2 is achieved.

In the horizontal HPVT experiments, transport

rates of 3-4 mg/hr have been observed under a

temperature differential AT = 1300 - 1270 K

over a quartz ampoule with a cross section of

7"10 -4 m 2. Estimating the diffusive contribu-

tion to the total transport rate, the flux
function has been calculated via Sch_fer's

equation for diffusive transport [24, 25]

(_i = D/RTm'dpi/dT I Tm gradxT (14),

where gradxT = _T/L (L= length of the ampoule

in m), R = 4.178 JK-Imole -I, D is the average

binary diffusion coefficient at temperature

Tm in m2/s and dPi/dT is the pressure tempera-

ture slope of gas species i in Pascal. The

binary diffusion coefficients have been

calculated using the hard sphere model where

Di_ is given by
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Dij = 3/8" (kT/P'OIJ 2) " (kT/2Z_ij)1/2 (15) .

p represents the total pressure at tempera-

ture T, k is the Boltzmann constant, _lJ =

1/2 (ri + rj) , where r i and rj are the radii

of the freely rotating molecules i and J, and

_ij is the reduced mass for the system of the

diffusing molecules i and J. The diffusive

flux of ZnGeP2, as calculated above, Is rate

limited by the Ge-concentration and amounts

to 2.4"10 -10 mole/cm2s. This is about four or-

ders of magnitude smaller than the observed

value of 6.5"10 -6 mole/cm2s. (The parameters

for this calculation were: D = 4"10 -5 m2/s,

dpGe/dT = 3.10-2g/ms2K, gradxT = 30K/3-10-2m) .

Convective transport cannot account for the

observed transport either (see section V) .

Therefore, volatile molecular Ge-species must

contribute to the transport reaction.

One possible source for the formation of such

species is the presence of small amounts of

water released from the quartz wall during

heating and of oxygen entering by diffusion

through the quartz wall into the capsule.

This statement is based on an estimate of the

oxygen and hydroxyle groups diffusing through

1.125 mm quartz wall of an ampoule with an

exterior surface area of 85 cm 2 which is a

typical configuration in our horizontal

transport experiments. Using the frequency

factor, D O = 2.7"10 -4 cm2/s, and the activa-

tion energy, E a = 1.16 eV, for oxygen

diffusion in quartz [27} the diffusion

coefficient at T = 1300K can be calculated to

be 8"10 -9 cm2/s. Fickian diffusion produces an

oxygen concentration of 3.36-10 -7 mole/cm 3 in

the ampoule after 24 hours.

Outgassing of OH- radicals that are present

in type 214 GE quartz tubing and the release

of adsorbed H20 molecules from the interior

surface of the ampoule each contribute on the

order of 10 -8 mole/cm 3 of oxygen. The sum of

these concentrations were introduced as the

initial quantity of oxygen in a free energy

minimization calculation. The equilibrium

vapor phase composition over ZnGeP2 with the

addition of the above mentioned quantity of

oxygen is markedly different from that given

in table ll(a) . P406 and GeO are present in

the vapor phase with concentrations of 1-10 -7

and 3-10 -10 mole/cm 3 at 1295 K, respectively.

They are formed in the reactions

2ZnGeP2(c)+302(g) -_ P406(g)+2Zn(g)+2Ge(1)

(16.1)

Ge(1)+i/3P406(g) +_ GeO(g)+I/3P4(g) (16.2)

ZnGeP2 (c) +i/6P406 (g) _-_ Zn (g) +GeO (g) +2/3P4

(16.3)

-5-

-6 __
-7-

PO 6

GeO _

-I?

1075" 1100" '1'25 11'50" 11'75" 12'00" 12'25" 12'50" ,275" ,J'O0" ,_25

Tempera[ure [K]

-8-
u
u

-9-

"10"

-II -

-12-

"0 -13"

0 -14-

-15-

Figure 3: Equilibrium vapor densities above

ZnGeP2 vs. temperature introducing 02 and Si02

in the thermochemical calculations (assumed

02-density: 2.5"10 -6 mole/cm3) . The doted

curve relates to the Ge(g) concentration

without oxygen. Thermochemical data for

GeO(g) and SiO(g) are taken from ref. [13].

In addition oxygen containing molecular spe-

cies are formed by the reaction of the vapor

phase with the inner wall of the quartz am-

poule albeit at an order of magnitude lower

concentration than provided by oxygen dif-

fusion (see fig. 3). In the equilibrium cal-

culations both GeO(g) and SiO(g) appear when

reaction of the vapor phase with the ampoule

is considered. Accordingly, EDX-measurements

reveal the incorporation of Si into ZnGeP2

crystals grown by HPVT.

A second source of enhancement to the trans-

port rate are volatile phosphides, e.g. GeP

and InP in the vapor phase. To gain the

enthalpy and entropy values of these gas

species, Pictet-Trouton's rule was applied at

the melting points of InP and GeP. Prelimina-

ry calculations showed concentrations of the

order 10 -6 mole/cm 3.

VIT. Conclud_na remarks

High pressure vapor transport of InP and

ZnGeP2 has been discussed on the basis of

thermochemical equilibrium calculations, con-

siderations of the kinetics of the reaction

P2 _-) P4 and of the experimentally observed

transport fluxes. The presence of small

amounts of oxygen that enter into the vapor

phase by oxygen diffusion and wall reactions

results in a significant enhancement of the

Ge-concentration in the vapor phase by for-

mation of volatile GeO. The observed InP

transport rate is in accord with the equili-

brium In-concentration in the gas phase above

the melt. Also, convective flow due to the

high densities and temperature gradients in

the vapor phase enhances the transport rate

by 1 to 2 orders of magnitude above the dif-

fusive transport limit. The high phosphorus

concentration in the vapor phase also enhan-

ces the probability of formation of the gas
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species GeP and InP. Reduction of the main

source of oxygen by the provision of a pure

nitrogen blanket around the growth ampoule

and utilization of alternative transport

agents such as C12 and HCI are currently

being investigated
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